Using empirical ion velocity distributions derived from Ultraviolet Coronagraph Spectrometer (UVCS) and Solar Ultraviolet Measurements of Emitted Radiation (SUMER) ultraviolet spectroscopy, we construct theoretical models of the nonequilibrium plasma state of the polar solar corona. The primary energy deposition mechanism we investigate is the dissipation of high-frequency (10È10,000 Hz) ion cyclotron resonant waves which can heat and accelerate ions di †erently depending on their Alfve n charge and mass. We solve the internal energy conservation equations for the ion temperature components parallel and perpendicular to the superradially expanding magnetic Ðeld lines and use empirical constraints for the remaining parameters. We Ðnd that it is possible to explain many of the kinetic properties of the plasma (such as high perpendicular ion temperatures and strong temperature anisotropies) with relatively small amplitudes for the resonant waves. There is suggestive evidence for steepening of the wave spectrum between the coronal base and the largest heights observed specAlfve n troscopically, and it is important to take Coulomb collisions into account to understand observations at the lowest heights. Because the ion cyclotron wave dissipation is rapid, the extended heating seems to demand a constantly replenished population of waves over several solar radii. This indicates that the waves are generated gradually throughout the wind rather than propagated up from the base of the corona.
INTRODUCTION
Ultraviolet spectroscopy of the solar corona provides detailed empirical knowledge about the plasma conditions in the acceleration region of the solar wind. SpeciÐcally, the shapes of emission lines probe ion velocity distributions along the optically thin line of sight. These observations complement the direct measurement of velocity distributions by in situ particle detection at large heliocentric distances. In this paper we analyze spectroscopic measurements from the Solar Ultraviolet Measurements of Emitted Radiation (SUMER) and Ultraviolet Coronagraph Spectrometer (UVCS) instruments aboard the Solar and Heliospheric Observatory (SOHO). These observations are interpreted in the context of a speciÐc theoretical mechanism for preferential ion heating and acceleration : the dissipation of high-frequency waves via gyroresonance Alfve n with ion cyclotron Larmor motions.
The steady, nearly uniform high-speed wind, which Ðlls the majority of the volume of the heliosphere (Goldstein et al. 1996) , displays a marked departure from ideal thermal equilibrium. The relative unimportance of Coulomb collisions in the low-density outer corona allows the electrons and individual ion species to exhibit potentially di †erent plasma properties. Spacecraft measurements at distances greater than 0.3 AU have found strong temperature anisotropies correlated with the local magnetic Ðeld direction, as well as a preferential energization (i.e., faster Ñow speed and higher temperature) of higher mass ions (Hundhausen 1972 ; Bame et al. 1975 ; Asbridge et al. 1975 ; Schmidt et al. 1980 ; Marsch 1991 ; von Steiger et al. 1995 ; Collier et al. 1996 ; Feldman & Marsch 1997) .
Evidence for anisotropic and mass-dependent heating of minor ions has also been found spectroscopically. The UVCS aboard SOHO (Kohl et al. 1995 (Kohl et al. , 1997 Noci et al. 1997 ) has measured H0,O 5`, and Mg9`velocity distributions over polar coronal holes. H0 atoms are closely coupled to the protons by charge transfer in the inner corona below about 3 (e.g., Allen, Habbal, & Hu 1998), R _ and H I Lya observations have constrained the hydrogen distributions to be mildly anisotropic (with above
The O5`ions, however, are strongly R _ . anisotropic at these heights, with perpendicular kinetic temperatures approaching 2 ] 108 Ka t3 a n d R _ T M /T A B 10È100 (Kohl et al. 1997 (Kohl et al. , 1998 . The measured O5`and Mg9`ion kinetic temperatures are signiÐcantly greater than "" mass proportional ÏÏ when compared with H0 (i.e., see also Kohl et al. 1999) . Doppler-T ion /T H [ m ion /m H ; dimmed line intensities are consistent with the outÑow velocity for O5`being larger than the outÑow velocity for H0 by as much as a factor of 2 (Li et al. 1998 ; Cranmer et al. 1999) .
The SUMER spectrometer aboard SOHO (Wilhelm et al. 1995 ) has observed emission lines for a large number of ions from the solar disk out to 1.6 R _ . SUMER measurements have shown that ion temperatures exceed electron temperatures at very low heights (Seely et al. 1997 ; Tu et al. 1998) and that plasma conditions in dense polar plumes di †er signiÐcantly from those in interplume regions (Hassler et al. 1997 ; Wilhelm et al. 1998) . Spectroscopic evidence is mounting for the presence of Alfve n waves which carry a signiÐcant energy Ñux through the transition region (Erdelyi et al. 1998 ) and into the corona (Doyle, Banerjee, & Perez 1998) .
The remainder of this paper is organized as follows. In°2 we outline the energy transport mechanisms postulated to explain the complex empirical plasma state of the corona. In°3 the conservation equations, detailed wave heating rates, and empirical constraints on the steady state models are described. In°4 we compare results from the theoretical models with SUMER data in the lower corona and UVCS data in the extended corona. Pertinent results and general conclusions are discussed in°5. Appendix A contains a description of the anisotropic Coulomb collision rates used in the model, and Appendix B contains an evaluation of the validity of the applied kinetic theory.
CORONAL HEATING BY ION CYCLOTRON RESONANCE
The nonequilibrium thermodynamic state of the coronal plasma must be maintained by continuous energy deposition. Theories involving reconnection, current dissipation, waves, turbulence, and non-Maxwellian kinetic e †ects have all been proposed for the initial heating of the transition region and the lower corona (for recent reviews see Narain & Ulmschneider 1990 Parker 1991 ; Zirker 1993 ; Cargill 1994) . The heating and ion di †erentiation discussed above for the extended corona, however, seems possible only via processes able to transport energy at least D104 km above the photosphere before depositing it as heat.
waves have been proposed for some time as a Alfve n natural possibility, although the dominant dissipation mechanisms are still not understood completely (Alfve n 1947 ; Osterbrock 1961 ; Kuperus, Ionson, & Spicer 1981 ; Whang 1997) .
The long-standing problem, then, is accurately modeling the propagation and dissipation of waves, as well as Alfve n their time-averaged e †ect on particle distribution functions. Low-frequency (0.001È0.1 Hz) waves dominate the Alfve n power spectrum of Ñuctuations in the solar wind beyond 0.3 AU. These waves are able to transport a signiÐcant outward momentum to the particles via a mean wave pressure. This phenomenon has been investigated for linear waves (Belcher 1971 ; Jacques 1977 ; Leer, Holzer, & 1982) and Flanonlinear waves (e.g., Pijpers 1995 ; Ofman & Davila 1997) , and it has been shown capable of accelerating the bulk (proton and electron) high-speed wind to the observed terminal speeds of 600È800 km s~1, without unphysically high electron temperatures. Low-frequency waves propaAlfve n gating outward in the presence of an inward gravitational acceleration may also dissipate and heat the plasma mass proportionally (Khabibrakhmanov & Mullan 1994) . However, it is unclear whether the above types of waveparticle interaction can accelerate ions such as helium and oxygen to Ñow speeds faster than that of the protons, or preferentially heat the heavier ions greater than mass proportionally.
High-frequency (10È10,000 Hz) waves are known Alfve n to damp more easily than their low-frequency counterparts, but they are not expected to contain much power. When left-hand polarized transverse waves become resonant with the Larmor gyrations of positive ions, a powerful form of wave-particle energy exchange occurs. This electromagnetic analog of collisionless Landau damping has been studied as a plausible explanation for solar wind ion energization for some time (Abraham-Shrauner & Feldman 1977 ; Hollweg & Turner 1978 ; Dusenbery & Hollweg 1981 ; Marsch, Goertz, & Richter 1982 ; McKenzie & Marsch 1982 ; Isenberg & Hollweg 1983 ; Gombero † & Elgueta 1991 ; McKenzie, Banaszkiewicz, & Axford 1995 ; Fletcher & Huber 1997 ; Tu & Marsch 1997) . This process naturally and efficiently produces temperature anisotropies (with T M [ T A ), faster outÑow for heavier ions, and more than mass proportional ion temperatures where
. waves with frequencies higher than about D10 Hz Alfve n have not yet been observed in the solar wind or corona, but theories for their origin abound. Probable generation mechanisms include some combination of MHD turbulent cascade, stochastic footpoint motions, "" microÑare ÏÏ reconnection activity, and wave modulational instability (see Isenberg & Hollweg 1983 ; van Ballegooijen 1986 ; Axford & McKenzie 1992 ; Gomez & Ferro Fontan 1992 ; Malara, Primavera, & Veltri 1996 ; Champeaux et al. 1997 ; Ruzmaikin & Berger 1998 ; Lazarian & Vishniac 1998) . Most ideas for high-frequency wave production fall into two broad classes : (1) base generation, followed by predominantly outward propagation into the corona, and (2) extended (and often stochastic) generation throughout the corona and solar wind. The highest frequency in situ measurements indicate a complex superposition of parallel and perpendicular propagating structures (Goldstein, Roberts, & Matthaeus 1995) , as well as a combination of resonant and nonresonant dissipation mechanisms (e.g., Leamon et al. 1998a) .
Despite the widespread interest in ion cyclotron wave dissipation in the solar corona, self-consistent models of both the anisotropic ion properties and the high-frequency Ñuctuation spectrum have not yet been explored fully. Many prior theoretical studies have either ignored the inner corona by using lower boundaries at 10È20 or they R _ , have not accurately taken into account the important two-way coupling between particles and (frequency dependent) MHD waves. This paper, which is an extension of work Ðrst discussed by Cranmer et al. (1997 Cranmer et al. ( , 1998 , takes a step toward building more realistic models by reproducing observed anisotropic temperatures in the corona and fast solar wind. These models concentrate on the heating of the heavy minor ions because their sensitive charge and mass dependence allows di †erent physical mechanisms to be distinguished. Also, the energy deposition into minor ions has a negligible back-reaction on the bulk thermodynamics of the wind ; this allows the proton and electron plasma properties to be constrained separately.
FORMULATION OF STEADY STATE MODELS
For an individual ion species with charge and q i \ Z i e mass we model the anisotropic temperature
and perpendicular to the (T Ai )( T Mi ) mean magnetic Ðeld. A completely accurate model would solve the Boltzmann transport equation for the velocity distribution function, but here we make the assumption that the dominant kinetic physics survives when the distributions are constrained to be bi-Maxwellian (e.g., Demars & Schunk 1991) . The distributions are also constrained to be gyrotropic, or axially symmetric about the local parallel Ðeld direction. By averaging over all Ðner structure in the distributions (e.g., skewness and kurtosis) the theory predicts values for the primary experimentally measured quantities (see also Marsch et al. 1982) .
We do not solve the complete set of successive velocityspace moments of the Boltzmann equation but only model in detail the second (energy conservation) moments. The derived anisotropic temperatures for minor ions are extremely insensitive to variations in the ion outÑow velocity (see°4), and thus the Ðrst (momentum conservation) moment is of lesser importance if the primary goal is to constrain the energy balance. The zeroth (mass conservation) moment is used to derive outÑow velocities using empirical density and mass Ñux information. In°3.1 the energy conservation equations are described, and in .2 the ion cyclotron heating terms are presented. In°3 .3 we outline the empirical coronal properties used as constraints in the models.
Conservation Equations
We integrate the steady state internal energy conservation equations for a radially oriented magnetic Ñux tube over the heliographic poles. Viscosity and ion heat conduction are neglected, but Coulomb collisions between the ions and protons are taken into account. A complete set of biMaxwellian transport equations have been derived by Barakat & Schunk (1982) , and the internal energy conservation equations are given by
where is the ion number density, is the outÑow velocity, n i u i i is BoltzmannÏs constant, and A is the superradially diverging Ñux tube area (see also Whang 1971 ; Schunk 1977 ; Isenberg 1984 ; Demars & Schunk 1991) . Coulomb collisional energy exchange between the ions and protons and the Joule heating and isotropization which (C Aip , C Mip ) results from these collisions are taken into (J Aip , J Mip ) account using the anisotropic rates given in Appendix A. Collisions between the ions and other species take place typically at much slower rates and are ignored here for simplicity. The ion cyclotron heating rates and are Q Ai Q Mi discussed below.
Quasilinear Heating T erms
Ions experiencing a gyroresonance with left-hand polarized waves feel oscillatory electric and magnetic Ðelds with constant components relative to their instantaneous velocities. The resonant waves set up a Ñuctuating current in the particles, and the net "" quasilinear ÏÏ acceleration is found by computing the period-averaged Lorentz force arising from this current and the linear Ðeld oscillations of the waves (e.g., Shapiro & Shevchenko 1962 ; Kennel & Engelmann 1966 ; Rowlands, Shapiro, & Shevchenko 1966 ; Akhiezer et al. 1975 ; Galeev & Sagdeev 1983 ; Siregar & Goldstein 1996) .
The ion cyclotron heating terms and are second Q Ai Q Mi moments of the quasilinear Lorentz force, which takes the form of a di †usion operator in velocity space. We evaluate these terms under the assumptions that the waves Alfve n are propagating purely in the radial direction, parallel to the mean magnetic Ðeld and that the distribution func-B 0 , tions are bi-Maxwellian. The energy deposition rates are then written as
where the frequency-dependent momentum transfer rate (per unit wave power) is given by
(see Marsch et al. 1982 ; McKenzie & Marsch 1982) . The wave power per unit frequency P(u, r) determines the overall magnetic Ðeld variance
but we only model directly the power near the ion cyclotron frequency The heating arises only from ) i 4 q i B 0 /m i c. waves within this small range of frequencies, determined by the resonance factor
where is the wavenumber of the parallel propagating k A waves and the ion most probable speeds are given by
The above terms are computed with the assumption of local homogeneity of the plasma conditions. In some cases, however, strong magnetic Ðeld gradients have been known to alter their efficiency (see Chust & Le 1998 for an Que au ionospheric example).
In this work we assume that the magnetic Ñuctuation spectrum is maintained in a self-similar power-law form, P(u) P u~g, over the resonant frequencies of interest. This is consistent with either a lack of damping (which can occur if the resonant ions are not very abundant) or a balance between wave damping and spectral transport caused by, e.g., a turbulent cascade from low to high frequencies. The various approximations inherent in these models are reviewed and tested in Appendix B.
We model the outward-propagating waves with Alfve n an approximate "" cold plasma ÏÏ dispersion relation with only the proton cyclotron resonance a †ecting the phase speed V ph :
(e.g., Dusenbery & Hollweg 1981) , where the speed Alfve n is deÐned as and o is the total plasma V A 4 B 0 /(4no)1@2 mass density. We neglect the e †ects of electromagnetic displacement currents (which is valid for and u p V A > c), thermal anisotropies (valid for small proton plasma and minor ion cyclotron resonances b 4 8nn p kT p /B 0 2), (reasonably valid for nonzero relative drift speeds ; see Gombero † & Elgueta 1991) .1
Because the wave amplitudes considered are extremely small and the frequencies are high, the radial evolution of wave power is assumed to be governed by the linearÈbut not necessarily WKBÈconservation of wave action (Jacques 1977) . Thus, in the nonresonant limit,
(see also Isenberg & Hollweg 1982 ; McKenzie 1994 ; Spangler & Sakurai 1995 ; Khabibrakhmanov & Summers 1997) .
3.3. Empirical Constraints Ideally, equations (1) and (2) must be solved simultaneously with other equations of mass, momentum, and energy conservation for all relevant ions and the electrons. However, both the relative insensitivity of the heating to u i and the lack of appreciable feedback from the ions to the main proton-electron plasma allow these other quantities to be speciÐed separately. Here we describe empirically derived values for the magnetic Ðeld geometry, number densities and outÑow speeds, and the electron and proton temperatures.
The magnetic Ðeld strength over the solar poles is speciÐed using the analytic model of Banaszkiewicz, Axford, & McKenzie (1998) . Their dipole ] quadrupole ] current sheet model is given by the following parameterization :
where and the values M \ 1.789 G, Q \ 1.5, r 0 \ r/R _ K \ 1, and reproduce both the near-Sun a 1 \ 1.538 streamer structure and the mean radial Ðeld strength at 1 AU. The superradial divergence of the cross-sectional area of the polar Ñux tube is constrained by keeping the product constant. B 0 A We adopt the solar minimum coronal hole electron density of Guhathakurta & Holzer (1994) . Assuming a n e 5% helium-to-proton abundance ratio and maintaining charge neutrality, the proton number density is given by
The ion number density is not required n p \ n e /1.1. n i because it divides out of every term in equations (1) and (2). We compute the proton outÑow velocity assuming mass u p Ñux conservation,
normalized using an in situ proton mass Ñux of 2 ] 108 cm~2 s~1 at 1 AU . In most of the models presented below, the minor ion outÑow velocity is u i assumed to be equal to for simplicity. u p We adopt the electron temperature inferred by Ko et al. (1997) from in situ charge state measurements in the fast solar wind made by the SWICS instrument on Ulysses.We utilize the Ðt to the modeled radial variation given by Cranmer et al. (1999) :
The adopted value of at the coronal base is T e (r \ R _ ) 4.5 ] 105 K, and it should be made clear that we are not modeling explicitly the solar transition region between the chromosphere and the corona. Although this decoupled approach does not allow a complete ab initio solution for, e.g., the solar wind mass Ñux (Hansteen & Leer 1995) , the extended ion heating above coronal holes should be relatively insensitive to the structure of the transition region.
The coronal proton temperature is assumed to be isotropic and slightly larger than the electron temperature :
This is an e †ective lower limit in
75. the extended corona, which may in fact exhibit proton temperatures above 2 of more than 4È8 million K (e.g., R _ Kohl, Strachan, & Gardner 1996) . Note, however, that our model results for minor ions are only sensitive to the proton temperatures at the lowest coronal heights where Coulomb collisions are rapid (see Fig. 6a ).
COMPARISON WITH SPECTROSCOPIC MEASUREMENTS
As summarized in°1, the UVCS and SUMER instruments have observed emission lines from ions at a large range of heights above the solar limb. Here we compare a sample of these observations to model predictions using the theory developed above. Gaussian emission proÐles are characterized by 1/e half-widths which are expressed *j 1@e , in terms of Doppler velocities and perpendicular temperatures as
where is the rest wavelength of the transition and m is a j 0 broadening factor commonly assumed to arise from transverse wave motions (i.e., For collisionally m2 BSdv M 2T). dominated lines at low heights in the corona, line-of-sight e †ects which can complicate equation (14) are negligible. For lines containing both collisional and resonantly scattered components, a more detailed empirical modeling process is required to deduce the intrinsic velocity distribution parameters from the line shapes and intensities (e.g., Kohl et al. 1998 ; Cranmer et al. 1999) .
In Figure 1a we plot for SUMER measurements V 1@e 2 between 1.01 and 1.06 as a function of the charge-to-R _ mass ratio
The observations are discussed in more Z i /A i . detail by Tu et al. (1998) and Hassler et al. (1997) , and we note that both plume and interplume regions are sampled by these data. For the case m \ 0, the plotted points indicate which can be compared directly with the theoreti2iT
Mi /m i , cal results in Figures 1b and 1c (see below) . Even if m takes on larger values up to D25 km s~1, the relative distribution of versus is similar. Although no single value 2iT Mi /m i Z i /A i of m exists which could explain the observations using a constant temperature, the ions do have similar kinetic temperatures of 2È3 million K for all reasonable values of m. There is strong evidence for di †erential heating between ions and electrons at D1.05
and weak (but still R _ signiÐcant) evidence for di †erential heating among the ions (Tu et al. 1998) .
To understand better the departures from thermal equilibrium in Figure 1a , we examine how the perpendicular ion cyclotron heating rate depends on the charge-to-mass Q Mi ratio. Assuming that the sharply varying exponential term in equation (5) dominates the frequency dependence of the resonance integral, equation (4) can be evaluated analytically. The resulting approximate dependence on ion charge and mass is given by
and this is plotted in Figure 1b for several values of the spectral power-law exponent g. The plotted quantity is proportional to the time derivative (i.e., heating rate) of and w Mi 2 thus is directly comparable to Figure 1a .
In Figure 1c we plot the results of numerically integrating equation (2) no observational constraints on at these heights. w Ai Thermal equilibrium with the protons was speciÐed as the base boundary condition :
The normal-T Ai \ T Mi \ T p . ization of the wave power law P(u, r) was varied for each value of g such that the largest ion (Ne VIII) is heated Z i /A i to its observed
The electron temperature at 1.06 V 1@e 2 . R _ (D6 ] 105 K) is indicated at the bottom of the panel to indicate the degree of charge-and mass-dependent heating for each power law.
The di †erences between Figures 1b and 1c arise because of the inclusion of Coulomb collisions and adiabatic cooling in the latter. Note that for iron and silicon, the ionization state with the smaller charge is heated more strongly in both the models and the actual data. This is consistent with those ions having a weaker Coulomb collision rate (Spitzer 1962) . If indeed ion cyclo-C Mip P Z i 2/A i tron resonance is responsible for this heating, the overall shapes of the model curves in Figure 1c seem to rule out steep power-law slopes and indicate near the coronal g [ 1 base.
Emission lines measured at large heights by UVCS have revealed unexpectedly broad proÐles of the O VI jj1032, 1037 doublet over the heliographic poles (see°1). The intrinsic velocity distribution parameters and u i , w Ai , w Mi can be derived by constructing self-consistent empirical models, and much can be learned from the radial dependence of these parameters in the extended corona. In Figures 2 and 3 we plot the results of the UVCS empirical model for and of O5`derived by Kohl et al. (1998) and Cranmer et al. (1999) , as well as SUMER measure-V 1@e ments at lower heights in Figure 2. (The box at 1.18 is R _ an interpolation of the multi-ion measurements of Tu et al. 1998 , using the similarities between O VI and its neighbors in, e.g., Fig. 1a. ) Also in Figures 2 and 3 are the results of numerically integrating equations (1) and (2) between 1 and 4 for R _ O5`ions. The models assume a number of di †erent powerlaw exponents g, but in each model g is kept constant over the integrated range of heights. In a similar manner as in Figure 1c , the available wave power was normalized to match the empirically derived at 3 Interestingly, the w Mi R _ . best agreement with the observed radial variation in the perpendicular most probable speed comes from a model with a steep power law (gB2). This is di †erent from the shallower value constrained by the SUMER measurements and models presented above, and in°5 we discuss possible explanations for this apparent steepening as a function of radius.
The ion cyclotron energy deposition naturally produces strong temperature anisotropies, with rising steeply T Mi /T Ai from 1 at the base to maxima of 30È40 at 1.5È2.5 R _ (depending on g). The parallel heating is more sensitive to the anisotropy than the perpendicular heating, so when T Mi diverges signiÐcantly from becomes stronger. In the T Ai , Q Ai numerical models, this causes the anisotropy ratio to FIG. 2 .ÈRadial dependence of the perpendicular most probable speed for O5`ions. Empirical constraints from SUMER and UVCS are w Mi denoted by gray regions bordered by thin solid lines. Also plotted is the adopted proton most probable speed (dotted line) and model results for a range of spectral power-law exponents g (line styles as in Figs. 1 and 3) . This can also be seen heuris-R _ . tically by applying the same analytic approximations used in equation (15) ; the heating rates scale as
where the factor of in the parallel heating dominates the w Mi 2 resonant coupling between the two directions.
Above 3 the modeled parallel heating is slightly R _ stronger than indicated by the observational constraints (Cranmer et al. 1999) . It is important to note, however, that m \ 0 has been assumed implicitly in these models. If a signiÐcant population of low-frequency waves exists with, e.g., km s~1 in the extended corona, less resonant m Z 100 wave power would be required to produce the large values of in Figure 2 and the model parallel speeds in Figure 3 w Mi would be reduced correspondingly. For nonnegligible values of m, the qualitative shape of the curve is similar w Mi to the m \ 0 case because the slowly rising WKB wave velocity amplitude is similar in its radial dependence to V 1@e . A key simpliÐcation in the models presented in this paper is the neglect of the momentum conservation equation and the ad hoc speciÐcation of However, we show in Figure 4 u i . that the results presented above are extremely insensitive to large changes in As in Figures 2 and 3 , we plot in Figure  u by more than 30 km s~1. Thus, when using the u i \ u p radial dependence of to deduce the resonant power-law w Mi exponent, the uncertainty in g arising from not knowing u i is probably only about^0.2.
Finally, it is important to examine the magnitude of the resonant Ñuctuation power required to heat the extended corona to the high ion temperatures reported here. In Appendix B we Ðnd that these Ñuctuations are small (linear) when compared with the mean magnetic Ðeld and the thermal ion energy. At 3 the modeled O5`resonant R _ wave power ranges between 0.02 and 0.07 nT2 Hz~1 for the cases g \ 0.5 and 2.0. For low (high) values of g the power at the ion cyclotron resonance decreases (increases) with increasing radius.
Also in Appendix B we compute the damping rate of the resonant waves and Ðnd that they would tend to decay very rapidly2 if not otherwise maintained at their modeled amplitudes (e.g., eq. [10]). At 3 the e †ective (1/e) R _ damping length for the g \ 2 model is only
Thus, a purely self-consistent model of R _ . the propagation and decay of ion cyclotron waves (from, e.g., the base of the corona) should not be able to deposit heat gradually in the extended corona as seems to be required. Such a self-damped model would produce a strong impulse of heating at low heights, followed by an extended region of ine †ective and negligible energy deposition. It seems clear that some kind of additional wave generation over several solar radii is required to produce agreement with the observations.
The model values of P are small compared with simple extrapolations of in situ wave power down to the corona. Tu (1987) modeled solar wind Ñuctuations using a Alfve nic parameterized spectral transport term in the wave action 2 The exponential decay of wave power at a cyclotron resonance is formally reminiscent of "" Sobolev ÏÏ radiative transfer in, e.g., a hot-star wind (Sobolev 1957 ; Castor 1974 ; Gayley & Owocki 1994) . The rapid damping case presented here corresponds to extremely optically thick absorption and energy transfer. conservation equation. At the lower boundary of 10 the R _ "" seed ÏÏ spectrum was constrained to have a slope g \ 1 (see also Matthaeus & Goldstein 1986 ; Tu & Marsch 1995) , and its power at the local ion cyclotron resonance was approximately 5100 nT2 Hz~1. If we assume wave action conservation applies at these heights, we can extrapolate this spectrum down to, e.g., 3
Because both the resonant R _ . frequency and the amplitudes increase when going from 10 to 3 the locally resonant power is still of the same order R _ , at the lower height : 4300 nT2 Hz~1. The required model wave power is many orders of magnitude smaller than that inferred from a completely undamped extrapolation of in situ wave power into the corona. There is thus room for some resonant wave damping to occur and still have enough power to heat the minor ions.
DISCUSSION AND CONCLUSIONS
In this paper we have made quantitative comparisons between spectroscopic measurements of coronal ion velocity distributions and theoretical models of ion cyclotron wave dissipation. We have found it possible to explain many of the observed kinetic properties of the plasma with a relatively low amplitude population of gyroresonant waves. No other mechanism has been proposed which can explain the strong anisotropies, greater than mass proportional temperatures, and faster outÑow for heavy ions in the high-speed solar wind.
SpeciÐcally, we Ðnd the following :
1. There seems to be evidence from the combined UVCS and SUMER data sets that the power-law exponent g increases from to D2 over several solar radii in the [1 extended corona. The radial dependence of the heating of minor ions can probe this parameter in the high-frequency "" dissipation range ÏÏ of the coronal Ñuctuation spectrum.
2. At low heights, the competition between Coulomb collisions and ion cyclotron heating can account for some features in the observed pattern of ion line widths versus Z i /A i . 3. Strong ion temperature anisotropies (T Mi /T Ai B 30È40) develop naturally by 2È3 although they weaken con-R _ , siderably at higher heights.
4. The ion cyclotron waves have damping times which are fast compared with the macroscopic wind expansion time (see Appendix B). In order to explain the strong extended heating observed spectroscopically, the wave spectrum must be maintained in a relatively steep power law rather than allowed to decay naturally. This implies that the waves which deposit heat above D1.5
do not originate R _ at the solar surface but are generated in the wind by, e.g., MHD turbulent cascade (Isenberg & Hollweg 1983) .
5. The radial dependence of the resonant heating is relatively insensitive to the ion outÑow velocity and the u i , energy conservation equations can be solved independently of the momentum conservation equation.
In Figure 5 we present an ad hoc suggestion for how the outward-propagating Ñuctuation power may evolve in radius and frequency. These empirically derived spectra are consistent with both the models in this paper and in situ measurements. The postulated 1/f spectrum at the base of the corona rapidly steepens in two places into a Kolmogorov (1941) inertial range with u~5@3 and into a steeper dissipation range at higher frequencies (see reviews by Tu & Marsch 1995 ; Goldstein et al. 1995) . The intermediate spectral index of gB2 inferred from the UVCS data may thus probe the gradual development of MHD turbulent dissipation in the corona. The precise spectral break points and slopes in Figure 5 are not to be taken as deÐnitive predictions but are presented only as an indication of how the various measurements can be analyzed in a similar theoretical framework.
Interplanetary magnetic Ðeld Ñuctuations are known to be considerably more complex than simple noninteracting waves propagating outward from the Sun. The existence of a self-organized power-law spectrum points to fundamentally nonlinear processes, and even the onset of dissipation near the cyclotron frequency does not guarantee the dominance of parallel propagating wave resonances (see Leamon et al. 1998a Leamon et al. , 1998b . Indeed, the strongest Ñuctuation components near 1 AU seem to be "" quasiÈtwo-dimensional, ÏÏ with their wavevectors mainly perpendicular to the mean Ðeld However, MHD simulations of the
. development of this kind of turbulence seem to indicate that an initial population of parallel propagating waves may be necessary as a source of energy that eventually is sheared into the perpendicular direction (Roberts et al. 1998 ). This paradigm is consistent with the present study of extended coronal heating by the dissipation of the highest frequency parallel propagating waves.
The generation and maintenance of a high-frequency coronal wave spectrum remains a major unresolved Alfve n issue. Standard MHD turbulent cascade may not be sufficient to replenish the resonant wave power on timescales short enough to compete with the ion cyclotron damping (see Fig. 6a ). Kinetic microinstabilities arising from nonequilibrium velocity distributions may play an important role (Kennel & Scarf 1968 ; Schwartz 1980 ; Chang & Coppi 1981 ; Gary 1993) , as may the coupling of di †erent wave modes in inhomogeneous shear Ñows (e.g., Poedts, Rogava, & Mahajan 1998 ; Kaghashvili 1999) . If ion cyclotron wave dissipation is indeed the solution to the problem of extended coronal heating in the fast solar wind, then this Barakat & Schunk (1981) computed collisional momentum and energy transport terms for the general case of interpenetrating bi-Maxwellian distributions with a relative parallel drift. Analytic Ðts to these collision terms have also been presented by Barakat & Schunk (1982) and Isenberg (1984) ; we use the latterÏs notation in equations (A1)È(A13). The expressions listed below are formally valid (within a factor of 2) for temperature anisotropy ratios between 1/16 and 16. In an absolute T M /T A sense, this does not pose a restriction on the models presented in this paper : at low heights, where the ion cyclotron heating is not yet dominant, the anisotropies are still small ; at higher heights, collisions become unimportant as a whole (see Fig. 6a ). We also take the opportunity to correct several typographical errors in Isenberg (1984) .
The terms and (in eq.
[1]) and and (in eq.
[2]) are all proportional to the total Coulomb collision rate per
(e.g., Spitzer 1962) , where
We take the Coulomb logarithm to be a constant of ln " \ 21. The energy transport terms are given by
with the absolute relative drift velocity between species i and j deÐned as Coulomb runaway e †ects are * \ o u i [ u j o . incorporated into the following dimensionless correction terms :
The temperature anisotropy is also embedded in the and factors, which are deÐned as
where
and p \ o j o1@2. When j \ 0, and
APPENDIX B VALIDITY OF THE QUASILINEAR THEORY FOR MINOR IONS
In this Appendix we consider several of the approximations used in the ion cyclotron resonance heating theory that was applied in°°3È4. We evaluate the linearity of the wave Ñuctuations, the relative energy deposited into the ions, the quasilinear damping approximation, and the use of a frequency spectrum P(u, r) rather than a more physically realistic wavenumber spectrum. Marsch et al. (1982) evaluated the ratio of resonant wave energy density to the mean magnetic energy density ) i P() i )/4n as a dimensionless linearity parameter. For the O5`models presented in Figures 2 and 3 , this parameter ranges from B 0 2/8n 10~11È10~9 (at 1 to 10~8È10~7 (at 4 The required ion cyclotron waves are thus extremely linear. In addition, the R _ ) R _ ). ratio of wave energy density to the mean ion thermal energy density, is between 0.002 and 0.02 for the n i i(T Ai ] 2T Mi )/3, modeled O5`ions. (We assume in the extended corona ; see Cranmer et al. 1999.) This agrees with the n O 5`/ n p \ 8.5 ] 10~7 calculations of Marsch et al. (1982) , who found that the wave energy must be a comparable fraction (D0.01) of the thermal ion energy in order to a †ect the ion velocity distribution.
The heating rates described in equations (3), (4), and (5) have been derived under the quasilinear assumption that the imaginary part of the wave frequency, or the wave damping rate is much smaller than the real part u. This weak-instability c i , approximation can be used to Taylor expand the complex linear dispersion relation and determine
where is the dielectric permittivity arising from interactions between ions and left-handed waves (Dum, Marsch, & Pilipp v i L 1980 ; Davidson 1983 ). In Figure 6a we plot several timescales in the extended corona for O5`ions. Note that the ion cyclotron damping time evaluated at the local resonance is always much longer than the local
This conÐrms the validity of the quasilinear approximation for minor ions. 2n/) i . o c i o>) i However, because this approximation would break down for more abundant ions such as protons and He2`(see c i P n i , Liewer, Velli, & Goldstein 1998) .
Also in Figure 6a we plot the mean Coulomb collision time and the macroscopic wind expansion timescale for t coll 4 1/l ij O5`,
where we assume Above 1.5È2 the collisions between ions and protons become unimportant. Note, however, u i \ 2u p . R _ that the wave damping time is always less than the wind expansion time.3 This implies that our assumption of an invariant wave power law P P u~g is only valid if there exists an independent mechanism to maintain the wave power against the rapid damping (see°5).
3 Even a similarly deÐned wave expansion time, with replacing in eq. (B2), would still be larger than by several orders of magnitude (T. Chust V ph u i t damp 1998, private communication).
Another implicit simpliÐcation in the models presented above is the assumption of a frequency spectrum for the MHD Ñuctuations. A more accurate and speciÐc means of characterizing these variations is a Fourier decomposition as a function of the three-dimensional wavenumber vector k (Goldstein et al. 1995 ; Tu & Marsch 1995) . Various theories of Ñuid and plasma turbulence predict power-law inertial range wavenumber spectra with, e.g., k~5@3 (Kolmogorov 1941) or k~3@2 (Kraichnan 1965) , and the resulting frequency spectrum is only a by-product. For the dispersive cyclotron resonant waves under investigation here, a power-law k-spectrum need not map into a power-law u-spectrum.
In Figure 6b we plot the frequency dependence of a Kolmogorov spectrum for parallel propagating waves, P(k A , r) P k Ã 5@3, at various heights in the extended corona. For both and the phase velocity is dispersionless u > ) p u ? ) p (V ph B u p ] V A and respectively), so the spectrum results in a u~5@3 spectrum. However, around the proton cyclotron resonance the u p , k Ã 5@3 frequency spectrum is considerably steeper, reaching a maximum spectral index of gB9.7 for the lowest plotted height (with the largest ratio). The O5`ion cyclotron resonance, however, falls outside this strongly dispersive range of frequencies, V A /u p and above 1.5 the e †ective value of g at never rises more than 20% above the slope of the k-spectrum. This justiÐes the R _ ) i equivalence of frequency and wavenumber spectra for most minor ion resonance heating models, but for proton or He2h eating a wavenumber spectrum would be clearly preferred.
There are several other approximations that have gone into the models presented above which should be reexamined in future work. The cold plasma wave dispersion relation should be replaced by a more accurate "" warm plasma ÏÏ version which takes into account temperature anisotropies, relative drift velocities, and gyroresonances for all minor ions (e.g., Gombero † & Astudillo 1998) . The use of rigid bi-Maxwellian distributions may induce unphysical sharp features in a derived power spectrum . With bi-Maxwellians it is also impossible to consistently model the possibly important departures from classical collisional heat Ñux for the electrons and protons (Olsen, Leer, & Lie-Svendsen 1998) . Multiple cyclotron resonances (i.e., where n \ 2, 3, ...) may be important for waves propagating obliquely to the u [ u AE k \^n) i , mean magnetic Ðeld (e.g., Fletcher & Huber 1997) , but for strictly parallel propagating waves they have no e †ect on the quasilinear damping rate (Davidson 1983) . The coupling between the heating and the acceleration of the ions should also be modeled self-consistently rather than relying on the demonstrated insensitivity of the heating to (Fig. 4) .
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